The effects of mechanical force on osteo genesis and osteoclastogenesis in peri odontal ligament fibroblasts. The characteristics of different types of in vitro mechanical force loading models.
due to the lack of a consensus standard for the quality assessment of in vitro studies, we could only refer to the modified Animal Research: Reporting of in vivo experiment (ARRive) guidelines.
introduction
The orthodontic movement of teeth is governed by depo sition of bone on the tension side and resorption on the compression side of the tooth. during this movement, bone remodelling is initiated via the periodontal ligament (Pdl), through which forces are transmitted from the teeth to the supporting alveolar bone. within this ligament, the predominant cell type is the mechanosensitive periodontal ligament fibroblast, which converts the mechanical stimuli of stretching or compression to biological signals regulat ing osteoblastogenesis and osteoclastogenesis. 1 Periodontal ligament fibroblasts can be easily isolated from the roots of extracted teeth and cultured for a num ber of research purposes. They exhibit many osteoblast like properties in vitro, including the ability to express osteogenic markers, induce alkaline phosphatase (AlP) activity, and form mineralized nodules. 2, 3 They also con tribute to the differentiation of osteoclasts; the coculture of Pdl fibroblasts and osteoclast precursors leads to the formation of tartrateresistant acid phosphatase (TRAP) positive cells in vitro and the concomitant capacity to syn thesize osteoclastogenesisstimulating molecules. 4 Because of their role in the biomechanics of orthodon tic loading, in vitro models have subjected primary cul tures of these cells to mechanical forces in order to investigate their molecularlevel responses and functions. The results of these studies have not, however, been sub jected to systematic review. Heterogeneous approaches to magnitude and directions of loading mean compari sons between studies may not be straightforward. in this systematic review we address the parameters of in vitro compressive and tensile force loading approaches, osteo genic and osteoclastogenic effects of mechanical forces, and the regulatory bioprocesses occurring in periodontal ligament fibroblasts exposed to mechanical stimuli.
Materials and Methods
Search strategy. A search of the emBAse, Pubmed, and web of science databases was performed using the fol lowing keywords: periodontal ligament cells or periodon tal ligament fibroblasts; mechanical, force, compression, compressive, tension, tensile, stress, stretch, strain or shear; bone remodelling, bone homeostasis, bone metab olism, bone resorption, bone formation, bone deposition, 'osteogenesis' or 'osteogenic' or 'osteoblastogenesis' or 'osteoclastogenesis' or 'osteoclastogenic'. The year of publication was limited from 1995 to 2017. The refer ences cited by the papers were also reviewed to identify potential additional publications. eligibility criteria. Fulltext articles were considered eligible if they satisfied the following criteria: 1) cell type, human periodontal ligament fibroblasts; 2) primary intervention, mechanical loading of the cells (but not by vibration or hydrostatic loading); 3) outcome measurements, osteo genesis and osteoclastogenesisrelated gene expression in with objective measurement of levels of bone forming or resorbing activities; and 4) englishlanguage articles. Any discrepancies between the two reviewers were resolved by consensus or discussion with a third reviewer. Quality assessment of the included studies. in the absence of a consensus standard for the quality assessment of in vitro studies, we referred to the modified Animal Research: Reporting of in vivo experiments (ARRive) guidelines (supplementary Table i ), previously used in related sys tematic reviews. 5 A study was defined as having a low risk of bias if no more than two items received a rating of 'no', 'clearly inaccurate', or 'clearly insufficient'. A study was defined as having a high risk of bias if less than half of the items received a rating of 'yes', 'clearly accurate', or 'clearly sufficient'.
Results
Search results. After removing duplicates from a total of 694 records identified from three databases, 555 citations were screened. of 108 studies fulfilling the inclusion cri teria, 83 were then excluded for lack of functional analy sis (54 studies), inappropriate study design or outcomes (25 studies), or inappropriate cell types (four studies; two each with immortalized cell lines and ratderived cells). of those 25 studies with an inappropriate study design, one evaluated tooth movement in mice, five investigated periodontal ligament and collagen metabolism, four investigated the extracellular matrix, four investigated inflammation, three had irrelevant study objectives, and one study each investigated apoptosis, cell adhesion, mechanotransduction, cytoskeletal rearrangement, angiogenesis, enamel matrix derivative, hyperocclusion, and pain induction, respectively. Together with one arti cle identified from the references of another, we eventu ally included 26 publications in the review (Fig. 1) . Study quality assessment. All included studies were assessed to have a low risk of bias (Table i) . 631 The title of one study 10 was considered inaccurate, making refer ence to 'during tooth movement' in the absence of any biomechanical or in vivo analysis. Characteristics of cell cultures. All periodontal ligament fibroblasts were from primary cell lines derived from the Pdl tissues of human teeth. we excluded those based on periodontal ligament stem cells as, while of orthopaedic interest, they are obtained and investigated in a different fashion. we also excluded periodontal ligament tissue models because the force magnitudes and vectors used in multilayer cultures differ from those used in monolayer cultures. 32 Types and parameters of mechanical loading models. of the forces used to investigate the tissues, 13 studies inves tigated compressive force only, 6 whereas ten focused on tensile force 811, 14, 20, 22, 24, 25, 30 and two focused on fluid shear stress. 21, 26 Another study used both compression and tension approaches 17 (Table ii) .
The uniform weight method was the most commonly used compression method, used by ten of the 14 studies applying compressive forces. 6, 7, 12, 13, 15, 18, 19, 23, 29, 31 in this technique, a glass cylinder or cover glass containing metal weights is placed over the cultured cell layers such that gravity generates a static and unidirectional com pressive force. The magnitude of the force can be adjusted by increasing and decreasing the amount of weight. Another type of compression loading used centrifugation to apply centrifugal forces, achieving compression. 16, 27 one study used the substrate deformationbased Flexcell compression system (Flexcell, inc., Hillsborough, North carolina). 17 Briefly, this system applies force via air pres sure to elicit the bulging of flexiblebottomed culture plates, thereby compressing the cells grown on them. 17 By contrast, 11 studies used tensile force models. of these, six used the Flexcell strain unit, which exerts a vac uum on the underside of culture plates, thereby stretch ing the plate and the attached cells. 14, 17, 22, 24, 25, 30 Four studies also applied substrate deformationbased approaches using other stretching apparatuses with mechanisms similar to that of the Flexcell system. 8, 10, 11, 20 one study used a tension incubator to exert a continuous or intermittent tensile force. 9 Finally, two studies used a parallelplate flow system to create fluid shear stresses. 21, 26 The different loading models are summarized in Table iii . 631, 3337 evidence from reviewed studies. The studies meeting inclusion criteria are summarized in Table iv . 631 The roles of osteogenic and osteoclastogenic genes, and some indirectly related molecules, in mechanical forcerelated bone resorption and formation are discussed in the next section.
Discussion
Periodontal ligament fibroblasts, the most abundant cells in the periodontal ligament, are known to respond to the mechanical forces generated by orthodontic treat ment and thereby to regulate the differentiation of osteo blasts and osteoclasts required for tooth repositioning. in vitro studies of primary periodontal ligament fibro blasts derived from periodontal ligament tissue have demonstrated intracellular signals in response to biome chanical stimuli. This systematic review was conducted to address the details underlying the mechanism by Preferred Reporting items for systematic Reviews and metaAnalyses (PRismA) flowchart of the literature search.
which mechanical loading affects human periodontal ligament fibroblasts. The capacities of periodontal liga ment fibroblasts to produce osteogenic and osteoclasto genicassociated molecules during alveolar bone metabolism are regulated by mechanical forces and depend on the type of forceloading model.
In vitro mechanical loading models of 2D cultured periodontal ligament fibroblasts. This review addresses four conventional types of mechanical force approach: the static weight approach; substrate deformationbased approach; centrifugation approach; and fluid shear stress approach. The vibration approach was excluded because it is used to simulate physiological conditions under mas ticatory force rather than orthodontic force. 38 during orthodontic treatment, water is completely extruded from the periodontal ligament on the pressure side after sustained force loading and does not exert a force equiva lent to orthodontic force; we did not include experiments conducted with hydrostatic pressure methods in our review. There is a striking disparity between the forces calculated in finite element analysis and those used in the weight method. The finite element method is a software model used to analyze stress distribution in periodontal ligament and alveolar bone by simulating real objects in a complex mesh of points. According to this, for load ing with a lingually directed 100 g horizontal force, the highest stress in the periodontal area is approximately 120 g/cm 2 , which differs from the force magnitude used in in vitro studies. 39 The in vitro studies, however, pre dominantly focus on mechanical interactions at the cel lular level, rather than the interactions between a larger structure and its environment. The contact between glass plates and cells may itself alter their function, by altering electrical charges or gas exchange, and so some argue that control, unweighted plates should be used on the control cell layers. 6, 18, 31 Future studies are needed in order to explore more physiological models of compres sive force loading on cells. cells are theoretically compressed in a perpendicular direction in a centrifugal force model and there is broadly good evidence to support this method of load ing as a means of facilitating osteoclastogenesis and inhibiting osteo blast mineralization. 27 one study, by contrast, reported that centrifugal force inhibits osteo clast formation. 16 The different devices used to exert tensile strain in vari ous studies have led to varied amplitudes of cellular deformation on the silicone membranes, and so compari son of results is challenging. Both the degree of deforma tion and the frequency at which it is applied in this normally cyclical method are important. only one study, excluded from the systematic review due to a lack of functional evaluation, employed static tension on perio dontal ligament fibroblasts. 40 The differences between static and cyclic tension have not been compared or discussed in the literature. Future studies are needed to investigate the effects of static tensile force on periodon tal ligament fibroblasts and how these differ from cycli cally applied force.
Roles of osteoclast differentiation-related factors in mechan-
ical force-induced bone resorption. A total of 13 studies examined osteoclastogenesis at a functional level in that they assessed the differentiation of osteoclastic multinucle ated cells. in five studies, the osteoclast precursors were treated with the conditioned medium obtained from peri odontal ligament fibroblasts subjected to mechanical force with or without stimulation of target molecules. 14, 15, 18, 29, 31 The other eight studies directly cocultured osteoclast progenitors with preloaded or pretreated periodontal ligament fibroblasts to investigate how the periodontal lig ament fibroblasts, under mechanical force, influence osteo clastogenesis. 6, 7, 12, 13, 16, 17, 19, 23 contact of the cell bodies between periodontal ligament fibroblasts and osteoclast precursors is required in direct coculture, while indirect coculture only requires the supernatant containing the proteins secreted by periodontal ligament fibroblasts. RAnKL/OPG system. A total of 11 studies investigated the receptor activator of nuclear factor kappaB ligand (RANKl)/osteoprotegerin (oPG) system, 7, 1217, 19, 23, 29, 31 including one study that used both compressive and ten sile forces (Table v) . 17 7 PdlFs were isolated from normal orthodontic extracted bicuspids from 3 individuals; 3 to 4 passages. compressive force a) cF; b) treating cells with ca 2 +; c) ca 2 + + cF; d) selective (ici) or nonselective (iso) Adrb2 antagonist; e) Adrb2 knockdown with siRNA transfection.
cF upregulated Adrb2 expression through the cFinduced increase in the intracellular ca 2 + concentration. The activation of Adrb2 contributed to osteoclast differentiation through the RANKl/oPG system and promoted sNs regulated orthodontic tooth movement. Jin et al (2015) 12 PdlFs were isolated from healthy extracted premolars for orthodontic reasons; cultured in αmem; between 3rd and 5th passages. 18 PdlFs were obtained from premolars extracted from 6 healthy young patients (3 male and 3 female adolescents; 14 to 16 yrs of age) during orthodontic treatment; cultured in αmem. oPG and RANKl were increased after mechanical force. centrifugal force inhibits the formation of osteoclastlike cells through production of oPG, where eRKmediated signalling is closely involved. Ueda et al (2016) 27 PdlFs were isolated from healthy Pdl of premolars extracted for orthodontic reasons; cultured in αmem; 3 to 8 passages. PdlFs subjected to an optimal compression (90 × g) induce the expression and release of Asporin (AsPN) but decrease sosT expression, which inhibits bone formation. Ueda et al (2016) 28 PdlFs were isolated from healthy premolars extracted for orthodontic reasons; cultured in αmem; 3 to 8 passages. PdlFs subjected to light cF exhibited increased expression of SoSt/sclerostin, which inhibited bone formation. 24 PdlFs were prepared from premolar and wisdom teeth extracted for orthodontic and impacted reasons; cultured in αmem; 35 passages. mechanical strain a) Unstimulated controls; b) 12% strain; c) il1β and TNFα; d) il1β, TNFα + strain. intermittent strain increased the expression of il1β and TNFα. strain impaired the osteogenic capacity of PdlFs when incubated with pro inflammatory cytokines, as evidenced by low AlP activity, as well as reduced Alizarin red staining and Runx2 and col1. sun et al (2017) 25 PdlFs were harvested from 6 teeth from 4 systemically healthy patients (aged 18 to 28 years); cultured in αmem; used at passages 3 to 5. Tension increased the expression of il1β and TNFα. PdlFs exposed to tension in inflammatory environment exhibited reduced proliferation and mineralization potential. Runx2 and col1 expression were also decreased. Yang et al (2016) 30 PdlFs were isolated from healthy premolars of teenagers (12 to 16 years old) undergoing extraction for orthodontic reasons; cultured in αmem; passages 3 and 4. Tensile/ compressive force a) cells subjected to tension for 0 to 6 hrs; b) cells subjected to cF for 0 to 6 hrs; c) coculture of Bmm with PlF without antioPG antibody then subjected to mechanical forces.
(continued)
with the cooperation of RANKl, cF increased the production of TNFα, which stimulates osteoclastic differentiation and pit formation, while tension reduced TNFα expression.
Qi and Zhang (2014) 21 PdlFs were isolated from patients under 25 years of age undergoing orthodontic treatment; immortalization of the PdlFs. 26 PdlFs were obtained from the healthy premolars extracted from donors (3 male, 3 female, aged 11 to 28 years) for orthodontic reasons; cultured in αmem; passages 3 to 8.
Fluid shear stress a) control group; b) PdlFs subjected to Fss; c) PdlFs treated with eRK1/2 and/or p38 inhibitor during 2hr Fss.
Appropriate Fss promotes the osteogenic differentiation (Runx2, sP7, BmP2, and coli expression, AlP activity, and mineralization) of PdlFs. The eRK1/2 and p38 mAPK signalling pathways contribute to this cellular process.
PdlFs, periodontal ligament fibroblasts; αmem, minimum essential medium eagle -alpha modification; il, interleukin; ciNc1, cytokineinduced neutrophil chemoattractant 1; mcP1, monocyte chemotactic protein; TRAP, tartrateresistant acid phosphatase; Adrb2, β2 adrenergic receptor; siRNA, small interfering RNA; RANKl, receptor activator of nuclear factor kappaB ligand; oPG, osteoprotegerin; sNs, sympathetic nervous system; coX2, cyclooxygenase2; PGe 2 , prostaglandin e2; NFκB, nuclear factorκB; Gsi, glutamine synthetase type i; TNFα, tumour necrosis factorα; eRK1/2, extracellular signalregulated kinase 1/2; AsPN, aspirin; sosT, sclerostin; FGF2, fibroblast growth factors; BmPR1A, bone morphogenetic protein receptor type 1A; dmem, dulbecco's modified eagle's medium; FAK, focal adhesion kinase; Pdl, periodontal ligament; AlP, alkaline phosphatase; ocN, osteocalcin; TGFβ1, transforming growth factorβ1; PBmcs, peripheral blood mononuclear cells; AT2 receptor, angiotensin ii receptor; Ang ii, angiotensin ii; Pdlscs, stem cells in periodontal ligament tissues; Runx2, runtrelated transcription factor 2; ATF4, activating transcription factor 4; sP7, osteriox; BsP, sialoprotein; col1, collagen α1; PeRK, protein kinase R like endoplasmic reticulum kinase; eiF2α, αsubunit of eukaryotic initiation factor 2; eRs, endoplasmic reticulum stress; Bmm, bone marrow macrophage; mToR, mechanistic target of rapamycin; Pi3K, phosphoinositide 3kinase; mAPK, mitogenactivated protein kinases expressed by osteoclast precursors and thus further regulate osteoclast formation. 4 RANKl binds to its recep tor RANK to stimulate osteoclast maturation, while oPG functions as a decoy receptor for RANKl to prevent RANKlRANK binding, which in turn inhibits osteoclas togenesis. 41 RANKl/oPG signalling between periodontal ligament fibroblasts and osteoclast precursors can thus transduce cytomechanical signals that activate bone resorption. These studies demonstrated that both com pressive and centrifugal force activate the RANKlRANK axis to facilitate TRAPpositive osteoclast formation when progenitor cells are cocultured with periodontal liga ment fibroblasts. Among those experiments, the most favourable and efficient static compression magnitude was 2.0 g/cm 2 (0.5 g/cm 2 to 4.0 g/cm 2 ). An excessive compressive force is thought to decrease cell viability and thus a weak force may effectively induce RANKl pro duction in the periodontal ligament on the pressure side, leading to bone resorption. 42 This is consistent with the natural history of relatively light static forces applied ther apeutically achieving significant repositioning of teeth. Greater forces should be avoided, as they do not offer reduced duration of treatment but may induce necrosis (hyalinization) of the periodontal ligament and hence risk bone destruction and root resorption. 43, 44 By con trast, tensile forces tend to increase oPG expression or reduce the RANKl/oPG ratio. different durations of effect have been noted (from 30 minutes to 72 hours) and may depend largely on variations in other target genes, study objectives, and detection methods.
The reviewed studies have demonstrated that the RANKl/oPG system serves as a downstream target of many genes expressed and osteoclastogenic signalling pathways seen in periodontal ligament fibroblasts exposed to mechanical force. Among these pathways, prostaglandin (PG) e 2 /cyclooxygenase (coX)2, 13,23 β2 adrenergic receptor (Adrb2), 7 Piezo1 channel, 12 Notch signalling, 15 and extracellular signalregulated kinase (eRK) signalling 16 are activated by mechanical stimuli and regulate the bone homeostasis via stimulation of the RANKl/oPG system. Four studies investigated the RANKl/ oPGdependent mechanism, 7, 12, 15, 16 while seven other studies were purely descriptive. 13, 14, 17, 19, 23, 29, 31 mechanical compressive force upregulates Adrb2 expression by increasing the intracellular calcium concentration. 7 The Piezo1 channel influences transduction in mechanically stimulated periodontal ligament fibroblasts via nuclear factor (NF)κB. 12 Altered expression of Jagged 1 in perio dontal ligament fibroblasts subjected to mechanical load ing leads to Notch signalling pathway activation. 15 centrifugal force increased the expression of RANKl and oPG via the activation of eRK signalling. 16 All of these fac tors contribute to compressioninduced bone resorption and act as upstream regulators and mediators of the pro duction of RANKl/oPG that subsequently accelerate the differentiation of progenitor cells into osteoclastlike cells. These studies elucidate the molecular mechanism underly ing the stressinduced osteoclastogenesis and the complex network between RANKl/oPG system and other mechani cally sensitive factors. By contrast, the tensionmediated upregulation of oPG, which inhibits osteo clastogenesis, depends partly on transforming growth factorbeta (TGFβ). 14 PGe 2 /COX-2 signalling. Prostaglandin e 2 (PGe 2 ) has been described as a potent stimulator of osteoclastogenesis. cyclooxygenase2 is responsible for the biosynthesis of PGe 2 , which involves the catalysis of arachidonic acids. 45 dysregulation of the PGe 2 /coX2 pathway affects bone resorption through a number of specific mechanisms. in the four studies that evaluated PGe 2 /coX2 signal ling, compressive force was found to augment PGe 2 syn thesis and coX2 production in periodontal ligament fibroblasts. 12, 13, 19, 23 This response further upregulated RANKl expression and promoted osteoclastogenesis. 13 it appears, therefore, that PGe 2 , a potent pro inflammatory factor, also participates in compressionrelated inflam mation as well as bone resorption. The synergistic action of pathogens and compressive force upregulates the expression of PGe 2 /coX2 to enhance RANKl production and, subsequently, suppress osteoclast differentiation. 23 The relationship between PGe 2 /coX2 signalling and the RANKl/oPG system is, however, intricate. Although indo methacin greatly reduces the compressionenhanced expression of RANKl, PGe 2 may not always stimu late RANKl activity in periodontal ligament fibroblasts because its effect is concentrationdependent. 13, 19, 23 These findings echo, to some extent, those of other stud ies in which an increase in RANKl expression in bone Other factors related to osteoclast differentiation. eight studies included in this review described additional stimulators of osteoclastogenesis, including interleukin (il)1 (three studies), il6 (two studies), il8 (one study), and tumour necrosis factor alpha (TNFα) (four studies). interleukin1β regulates inflammatory responses and potently induces bone resorption. Two studies reported upregulated il1β production and reduced osteogen esis in periodontal ligament fibroblasts subjected to tensile strain. 24, 25 Tensile force induces an inflammatory response during orthodontic tooth movement, as shown by increased il1β levels at sites of periodontal inflam mation. This phenomenon is consistent with the finding that the il1β level in gingival crevicular fluid increases one hour after the application of orthodontic force. 47 interleukin1 includes both il1α and il1β, and has been identified as an essential proinflammatory mediator that can be downregulated by tensile force. 9 The discrepan cies in il1β expression may relate to the different experi mental approaches used by previous studies. Notably, the tensile force created by a negative pressure model differs from that of a substrate deformationbased model and the two are not comparable. 9, 24, 25 when considering the differentiation of osteoclasts, TNF α is a boneresorbing stimulus associated with intracellular RANKl mechanisms. it has been shown to promote RANKl expression in osteoblasts and marrow stromal cells, and to augment the responses of osteoclast precursors to RANKl. 48 concomitantly, this mechanical compression induced upregulation of TNFα in RANKlpositive periodontal liga ment fibroblasts stimulates osteoclastogenesis, as demon strated by an increase in the TRAPpositive cell population in a coculture system. 17, 31 These findings suggest that the combined effect of TNFα and RANKl is more significant than RANKl alone in terms of forcemediated bone resorp tion. likewise, TNFα expression in periodontal ligament fibroblasts is also reduced by exposure to tensile force. 9, 17 other studies have shown, however, that periodontal ligament fibroblasts exposed to tensile strain exhibited higher levels of TNFα expression. 24, 25 An increased tensile force resulting in 12% elongation was shown to induce TNFα and il1β production, whereas a 1.5% elongation decreased TNFα production. Although orthodontic tooth movementinduced bone remodelling is associated with an inflammatory process, the inflammatory responses of periodontal ligament fibroblasts to tensile force may be strain magnitudedependent because low magnitudes were found to have an antiinflammatory effect. 49 As TNFα is among the cytokines responsible for immune responses, its expression might be inhibited by a lowermagnitude tensile force but enhanced by a greater force. Both il6 and il8 were upregulated by compressive force in a time and magnitudedependent manner, and treatment with either cytokine enhanced osteoclast differentiation. 6, 15, 18 Roles of osteoblast differentiation-related factors in mechanical force-induced bone formation. when considering osteogenesis, studies with no functional analysis have been excluded from this systematic review and hence all of the studies addressing osteogenesis investigated the formation of calcific nodules.
while the presence of osteoclastogenesisstimulating factors necessitates osteoclast differentiation on the compression side, more attention has been given to the potential roles of osteogenic substances on the tension side in bone formation. Prolonged studies of periodontal ligament fibroblasts have focused largely on osteogenic gene expression and boneforming activities. Ten papers reported the regulatory effects of mechanical force on the expression of specific osteoblastogenic factors, including AlP, osteocalcin (ocN), runtrelated transcription factor 2 (Runx2), bone morphogenetic protein (BmP), fibroblast growth factor (FGF)2, sP7, osteopontin (oPN), bone sialoprotein (BsP), TGFβ1, and collagen α1 (col1). eight experiments applied tensile force, and these substances were mainly found to be upregulated in periodontal liga ment fibroblasts. 8, 9, 11, 14, 22, 24, 25, 30 The fluctuations in the expression of these osteogenic differentiation factors in response to tensile strain depended on different factors (Table vi) . Two other studies used a fluid shear stress approach and noted trends towards increased expression of AlP, Runx2, col1, BmP2, sP7, and oPN when force was applied, which were further mediated by the eRK1/2 and p38 mAPK signalling pathways and the Pi3K/ATK/ mToR signalling axis. 21, 26 Alveolar remodelling during orthodontic tooth move ment tends to improve bone deposition on the tension side. Alkaline phosphatase is involved in the process of hard tissue mineralization, and, accordingly, AlP activity has been used as an indicator of osteoblastic differentia tion in bone cells. 50, 51 Periodontal ligament fibroblasts exhibit high levels of AlP activity, suggestive of an osteo blastic phenotype. Accumulating evidence suggests that the integrinfocal adhesion kinase (FAK) complex acts as a mechanoreceptor in periodontal ligament fibroblasts. 52 Upon phosphorylation, FAK contributes to eRK1/2/mAPK pathway activation, which is associated with AlP activity in stretched periodontal ligament fibroblasts. 9, 22 The relationships among various osteogenic genes and fac tors are complex. Runx2, for example, serves as an upstream effector of several osteoblast markers, includ ing ocN, BsP, and sP7. 22 The tensile induction of oPG is partially dependent on TGFβ. 14 interactions among these different osteogenic molecules contribute to the tensile forcemediated upregulation of osteodifferentia tion and downregulation of osteoclastogenesis from per iodontal ligament fibroblasts. some studies described other molecules involved in tensile force and fluid shear stressinduced calcium depo sition. Activating transcription factor 4 (ATF4), another important factor, may regulate bone formation in response to tensile force loading. osteocalcin and BsP are the target genes of ATF4, 30 while Runx2 transfection decreases the ATF4 expression in periodontal ligament fibroblasts. 22 Activating transcription factor 4 also can be activated by protein kinase Rlike endoplasmic reticulum kinase (PeRK) and the eRK1/2 pathway. microRNAs are small, noncoding RNAs that play critical roles in force related osteodifferentiation of periodontal ligament fibro blasts. Fluid shear stress increases the expression of miRNA132, which further enhances the mineralization of periodontal ligament fibroblasts, while tensile force decreases the expression of miRNA1955p, which sup presses mineralized nodules. 8, 21 Five studies offered a basis for the mechanism by which tensile force and fluid shear stress affect osteodif ferentiation, 9, 21, 22, 26, 30 while others merely observed a relationship. Molecules indirectly related to bone remodelling. other mechanical stressassociated molecules indirectly affect osteogenesis and osteoclastogenesis in periodontal liga ment fibroblasts, as outlined in Table vii .
The ephrin ligands and eph receptors are thought to regulate the processes of cellcell adhesion and migration in bone biology. 53 The ephB4ephrinB2 axis has been char acterized as a coupling factor in bidirectional osteoblast osteoclast communication. 54 it has been shown that the activation of ephB4ephrinB2 signalling stimulates osteo blast differentiation while suppressing osteo clastogenesis, thereby yielding bone formation. in a study of stretched periodontal ligament fibroblasts, diercke et al 10 reported an osteogenic interaction between ephrinB2expressing periodontal ligament fibroblasts and ephB4expressing osteoblasts.
interleukin11, a member of the il6 family, can act as a proinflammatory cytokine and has osteogenic effects in stretched periodontal ligament fibroblasts. Tensile strain and a subsequent upregulation in angiotensin (Ang) ii expression promotes il11 production via Ang ii type 2 (AT2) receptors and the reninangiotensin system (RAs). 20 Asporin and sclerostin, both of which may sup press osteoblasts, are responsive to compression and their expression is related to the magnitude of force. light force upregulates the synthesis of sclerostin, whereas higher magnitudes of force increase the release of asporin but decrease that of sclerostin. 27 The molecu lar mechanism by which compression inhibits bone for mation therefore varies according to the magnitude of force.
Bone cells within the skeleton, including osteoclasts, osteoblasts, and osteocytes, are responsive to mechani cal signals, facilitating bone remodelling. 55 A different situation exists with alveolar bone, which mechano couples with the teeth via PdlFs and hence has a differ ent form of control mechanism.
in conclusion, periodontal ligament fibroblasts, which interface with osteoblasts and osteoclasts in alveolar bone, are the targets of the mechanical forces applied in orthodontic settings. A number of substances have been proposed as links between mechanostimulation of the periodontium and the initiation of bone modelling. in vitro force application models that simulate clinical ortho dontic force loading have enabled researchers to eluci date the biological behaviour of periodontal ligament fibroblasts in response to mechanical stimuli. our sys tematic review summarizes the suitable loading approaches and data pertaining to molecules that regu late osteogenesis and osteoclastogenesis (Fig. 2 ). An improved understanding of this topic might facilitate the clinical development of novel therapeutic strategies aimed at accelerating orthodontic tooth movement and preventing tooth overloading. There is merit in carrying out future studies to investigate how the static tension affects the cytomechanical properties of periodontal liga ment fibroblasts, and to explore a better mode of static compressive force loading. in addition, the clarification of some of the underlying regulatory systems is yet to occur, and further studies are needed to facilitate this.
